Kaposi's sarcoma (KS)-associated herpesvirus (KSHV; also called human herpesvirus 8) is believed to be the etiologic agent of Kaposi's sarcoma, multicentric Castleman's disease, and AIDS-associated primary effusion lymphoma. KSHV infection of human dermal microvascular endothelial cells (DMVEC) in culture results in the conversion of cobblestone-shaped cells to spindle-shaped cells, a characteristic morphological feature of cells in KS lesions. All spindle-shaped cells in KSHV-infected DMVEC cultures express the latency-associated nuclear protein LANA1, and a subfraction of these cells undergo spontaneous lytic cycle induction that can be enhanced by tetradecanoyl phorbol acetate (TPA) treatment. To study the cellular response to infection by KSHV, we used two different gene array screening systems to examine the expression profile of either 2,350 or 9,180 human genes in infected compared to uninfected DMVEC cultures in both the presence and absence of TPA. In both cases, between 1.4 and 2.5% of the genes tested were found to be significantly upregulated or downregulated. Further analysis by both standard and real-time reverse transcription-PCR procedures directly confirmed these results for 14 of the most highly upregulated and 13 of the most highly downregulated genes out of a total of 37 that were selected for testing. These included strong upregulation of interferon-responsive genes such as interferon response factor 7 (IRF7) and myxovirus resistance protein R1, plus upregulation of exodus 2 ␤-chemokine, RDC1 ␣-chemokine receptor, and transforming growth factor ␤3, together with strong downregulation of cell adhesion factors ␣ 4 -integrin and fibronectin plus downregulation of bone morphogenesis protein 4, matrix metalloproteinase 2, endothelial plasminogen activator inhibitor 1, connective tissue growth factor, and interleukin-8. Significant dysregulation of several other cytokine-related genes or receptors, as well as endothelial cell and macrophage markers, and various other genes associated with angiogenesis or transformation was also detected. Western immunoblot and immunohistochemical analyses confirmed that the cellular IRF7 protein levels were strongly upregulated during the early lytic cycle both in KSHV-infected DMVEC and in the body cavity-based lymphoma BCBL1 PEL cell line.
ber of the gamma-2 family of herpesviruses and is distantly related to both Epstein-Barr virus (EBV) and herpesvirus saimiri. Subsequent to its initial isolation from Kaposi's sarcoma (KS) tissue by representational difference analysis by Chang et al. (11) , KSHV has been found to be associated with all forms of KS, including classical, endemic, AIDS-associated, and transplant-associated forms, as well as rare AIDS-associated body cavity-based lymphomas (BCBL), primary effusion lymphoma (PEL), and multicentric Castleman's disease (MCD).
All stages of KS, from the initial patch lesions to the more advanced plaque and nodular stage lesions, are characterized by common immunological and histopathological findings, including angiogenesis and an increased concentration of proinflammatory cytokines. In late nodular stage lesions, there is evidence of outgrowth of oligoclonal spindle cells, which are thought to be the tumor cells of KS, and true sarcoma formation with invasion of the underlying dermal structure (8, 15, 19, 22, 33, 35) .
Initial attempts to elucidate KSHV pathology have focused on the characterization of individual viral genes, including many captured cellular gene homologs, including vIL6, vMIPs, vCYC-D, vGCR, vBcl2, vFLIP, and vIRFs present in the KSHV genome. Of relevance to known KS pathology, LANA1, vCYC, and vFLIP are thought to be expressed constitutively in latently infected spindle cells, and vGCR and vMIP1 were shown to be highly angiogenic, with vGCR also inducing viral epidermal growth factor (VEGF) expression and forming tumors in nude mice (2, 4, 10) . Additionally, vIRF1 was shown to be oncogenic, and vBcl-2 and vIL6 were shown to be antiapoptotic (6, 16) .
While these studies described the effects of each gene in isolated transfection studies, the need to study numerous genes together under the same conditions and in the same samples has become apparent. The lack of a system for de novo infection of cells with KSHV in culture has previously limited stud-ies of the broader cellular response to infection and establishment of latency. Recently, KSHV viral gene expression in the BC3 PEL cell line at different times before and after tetradecanoyl phorbol acetate (TPA) induction has been evaluated by gene array methodology (20, 29a) .
Although the precise origin of KS spindle cells remains unclear, data from a number of studies suggest that they may be derived from an endothelial cell lineage (41) . In addition, several groups have recently reported the development of successful infection and propagation methodologies for KSHV in culture using endothelial cells (14, 15, 28) . We have shown that early passages of human dermal microvascular endothelial cells (DMVEC) infected with KSHV are converted from a contact-inhibited cobblestone-shaped morphology to a highly elongated, spindle-shaped morphology (14) . Most of the spindle-shaped tumor cells of KS lesions are thought to be latently infected with KSHV (15a, 37) , and all cultured KSHV-infected spindle-shaped DMVEC express the latent-state LANA1 protein (9, 14) . We were interested in using this novel infection system to elucidate changes that occur in cellular gene expression upon the establishment of latent KSHV infection using DNA microarrays for gene expression profiling. Successful use of this type of technology has previously been reported by Zhu et al. for HCMV infection (45) .
To compare several of the array technologies available, we used two Clontech Human Atlas arrays and the Incyte Human UniGEM V2.0 array. Clontech Atlas arrays each contain approximately 1,200 DNA fragments corresponding to wellcharacterized genes. The Clontech arrays are single-channel radioactivity-based nylon arrays which rely on differential hybridization by labeled cDNA samples derived from the RNA of matched infected and uninfected cells to parallel filters. Incyte UniGEM arrays are two-channel fluorescence-based microchip arrays containing approximately 9,000 genes which rely on a pair of differentially dye-labeled cDNA samples prepared from matched infected and uninfected cells being hybridized to a single microarray chip.
We examined the expression profile of genes using the Clontech nylon arrays first and, in an independent experiment, expanded the survey to include the Incyte arrays. The Clontech data were also used to independently examine and compare the effects of the presence or absence of TPA in both uninfected and infected DMVEC cultures. Additionally, we used three different reverse transcription (RT)-PCR procedures, including quantitative real-time PCR, to further evaluate a selected group of 37 highly up-or downregulated genes, which led to confirmation of the gene array data for approximately 75% of the genes tested. Finally, immunoblot and immunohistochemical (IHC) analyses were performed to confirm that upregulated RNA expression for IRF7 was associated with a parallel large increase in IRF7 protein levels, but only in KSHV-infected DMVEC undergoing lytic cycle progression.
MATERIALS AND METHODS
KSHV-infected PEL cell lines and endothelial cells. Adult human dermal microvascular endothelial cells (CC-2543; Clonetics, Walkersville, Md.) were cultured to passage 5 in EBM-2 medium (Clonetics) supplemented with EGM-2 MV Singlequots (Clonetics) and penicillin-streptomycin (Gibco-BRL, Rockville, Md.) at 37°C and 5% CO 2 . JSC1 and BCBL1 PEL cells (9) were cultured at 37°C and 5% CO 2 in RPMI (Gibco-BRL) supplemented with 10% fetal calf serum (HyClone, Logan, Utah).
Harvest of KSHV virions for infection of endothelial cells. JSC1 PEL cells were induced into lytic cycle replication with 20 ng of 12-O-tetradecanoyl phorbol 13-acetate (TPA) (Sigma, St. Louis, Mo.) for 120 h. The cells were removed by centrifugation at 1,200 rpm for 10 min. The supernatant containing KSHV virions from six 75-cm 2 flasks (10 8 cells) was centrifuged at 11,000 rpm for 5.5 h at 4°C in a Sorvall RC-5B centrifuge or at 25,000 rpm with a sucrose cushion (40 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 150 mM NaCl, and 15% sucrose at pH 7.4 and 0.2 m filtered) in an SW27 rotor and Beckman L7-55 ultracentrifuge for 1 h at 4°C. Pelleted virions were resuspended in 1 ml of phosphate-buffered saline (140 mM NaCl, 8 mM Na 2 HPO 4 , 2.7 mM KCl, and 1 mM KH 2 PO 4 ) and added directly to DMVEC cells. The infected and control (uninfected) cells were cultured for a total of 3 weeks (Clontech, batch 1) or 5 weeks (Incyte, batch 2) and were split concurrently once during the culture period for the Clontech experiment or twice for the Incyte experiment. The growth medium was changed completely every 48 h for both the infected and uninfected cultures.
TPA treatment of infected DMVEC cells. To examine any changes in the DMVEC cellular gene expression profile after increased KSHV lytic cycle infection compared to the cellular gene expression profile in the primarily latently infected DMVEC culture, half of the matched control and infected cultures were treated with 20 ng of TPA (Sigma) per ml for 60 h following the 3-to 5-week growth period, while the other half of the matched uninfected and infected cultures was harvested in parallel without TPA treatment. For both batches of infected cell cultures, these four separate RNA samples (uninfected ϪTPA/ infected ϪTPA and uninfected ϩTPA/infected ϩTPA) were analyzed as matched pairs on the arrays with the expectation that many genes would be similarly regulated in both comparisons.
Clontech microarray methodology. Following a 3-week growth period, cells were harvested from all four sets of flasks by scraping, and total RNA was harvested from the cells using the PolyA Pure labeling system (Clontech, Palo Alto, Calif.) for isolation of polyadenylated RNA and the generation of genespecific [␣- 32 P]ATP-labeled cDNA probes in one procedure (ICN, Costa Mesa, Calif.). Each of the four probes was hybridized to both Clontech Human Array 1.2-I and Clontech Human Array 1.2-II nylon filters overnight as per the manufacturer's directions. The filters, which each represented 1,176 different human genes, were washed and exposed to a Fuji BAS IIIS Phosphorimager screen for 5 days. Each of the resulting eight images was analyzed on a Fuji Phosphorimager (Fujix BAS-1000), and the data were processed using Adobe Photoshop (v. 5.0.2), Clontech AtlasImage software, and Microsoft Excel. Selected results were confirmed by RT-PCR using 19 pairs of primers synthesized from Clontech database sequences as recommended by Clontech (Palo Alto, Calif.).
Incyte microarray methodology. The ability to continuously passage both the primary uninfected DMVEC and the latently infected spindle cell cultures is severely limited (14) . Therefore, to further passage the same infected and uninfected cultures used for the Clontech array experiments without beginning infection de novo as described above, fresh uninfected DMVEC cells at passage 5 were reseeded by cocultivation together with a one-tenth proportion of cells (i.e., 10:1 ratio) from either the already infected DMVEC spindle cell culture or the parallel uninfected DMVEC culture. The supplemented infected and uninfected cultures were then grown for a further 2 weeks in EBM-2 medium (Clonetics) containing EGM-2 MV Singlequots (Clonetics) and penicillin-streptomycin (Gibco-BRL). Again, one half of both the infected and uninfected cultures was treated with TPA for the final 60 h of growth to produce the same four sets of experimental flasks as for the Clontech experiments.
In each case, RNA was harvested from five 75-cm 2 flasks (10 8 cells) using Trizol (Gibco-BRL), and polyadenylated RNA was isolated using two passes through OligoTex mRNA isolation columns (Qiagen, Valencia, Calif.), followed by ethanol precipitation and quantitation using the RiboGreen RNA quantitation kit (Molecular Probes, Eugene, Oreg.). Samples of the polyadenylated RNA (600 ng at 50 ng/l) were shipped to Incyte Genomics for conversion to cDNA, incorporating indocarbocyanine (Cy3) and indodicarbocyanine (Cy5) fluorescent dye labeling. Samples were then competitively hybridized with two pairs of Human UniGEM V2.0 microarrays containing 9,182 sequence-verified human cDNA clones each (average size, 1,000 bp).
The results were analyzed from a direct comparison of first the infected DMVEC RNA compared to uninfected DMVEC RNA pair in the absence of TPA and second the parallel pair of uninfected with infected cell RNA from the TPA-treated cultures. Data analysis was performed using GemTools 2.4, Microsoft Excel, the Dragon database (7), and Nomad (http://pevsnerlab .kennedykrieger.org/nomad.htm).
Calculation of expression ratios for the Clontech and Incyte data. Original data obtained from analysis of Adobe Photoshop images of the Clontech arrays with Atlas Image software consisted of a continuum of hybridization intensity values (pixels) for each of the spots corresponding to a gene represented on the arrays. In addition, a global background value for each array was measured. For each of the Clontech experiments, two arrays, one corresponding to the infected or TPA-treated RNA sample, and one corresponding to the uninfected or untreated control RNA sample, were compared to obtain an expression ratio. To calculate expression ratios from the original intensity data, each set of arrays was global mean normalized. Spots in which the intensity value was below background on both the infected and uninfected arrays were removed from the analysis.
For each array, the intensity values for all of the remaining spots were then averaged, resulting in an average intensity for the spots on that particular membrane. In order to calculate the expression ratio, the original intensity value of each spot on the array was divided by the average intensity of all of the spots on the array to yield an adjusted intensity. Finally, the adjusted intensities of the control uninfected arrays were compared with the adjusted intensities of their corresponding infected arrays to calculate ratios and standard deviations (C-SD) (see Tables 2 and 3) .
Incyte expression ratios were analyzed based on the normalized intensity ratios (I-R; see Tables 4 and 5 ). Background intensity values were subtracted from each intensity signal, and data from Cy3 and Cy5 channels were globally normalized so that total fluorescence intensity in each channel was equal.
Determination of the significance of expression ratio values. Genes represented on the Clontech arrays were considered to be significantly regulated if their expression ratio was greater than 2 standard deviations from the mean of the data set. Incyte data were determined to be significant if the expression ratio was equal to or above 1.74 (upregulated) or equal to or below Ϫ1.74 (downregulated), as recommended by the company. The expression ratios presented do not correspond to a "fold" up-or downregulation because of the incorporation of reverse transcription and PCR (in the case of Incyte data) in the steps in the preparation for hybridization of the initial polyadenylated samples.
RT-PCR analyses. Direct confirmation of up-or downregulated RNA expression for selected genes based on the gene array data was carried out using four separate sets of RNA preparations. This included those used for the Clontech arrays (batch 1) and Incyte arrays (batch 2) plus two new preparations (batches 3 and 4) derived from DMVEC cultures infected by cocultivation passaging procedures similar to that described for the Incyte array RNA from frozen stocks of KSHV (JSC1)-infected DMVEC spindle cells. Three separate RT-PCR protocols were employed. Total RNA was harvested from cells using either Trizol (Gibco-BRL) for batches 1 and 2 or an RN-Easy mini kit (Qiagen) and subjected to RNase-free DNase I (Gibco-BRL) treatment and then reverse transcribed to prepare cDNA at 50°C for 50 min using Superscript II (Gibco-BRL).
In the first semiquantitative procedure (see Fig. 6 and Table 7 ), 10 sets of four single PCR time course reactions with different primer pairs were carried out in parallel with both infected and uninfected RNA samples using Taq DNA polymerase (Promega, Madison, Wis.). In each set of reactions, three test primer pairs were included together with a control primer pair for cytoplasmic ␤-actin. A total of 19 different gene primer pairs based on the Clontech results were evaluated with either or both of the ϪTPA or ϩTPA cDNA sample pairs. For manual quantitation, samples were removed every three cycles, beginning with cycle 18 and continuing through cycle 45. Progressive PCR samples were visualized after agarose gel electrophoresis and ethidium bromide staining, and then the results were quantitated on an AlphaImager 2000 (Alpha Innotech, San Leandro, Calif.) and histograms of fold regulation after normalizing to ␤-actin were prepared for those samples displaying exponential responses.
In the second Multiplex RT-PCR procedure (see Fig. 7 ), primer pairs (50 pmol) for the genes of interest as well as for 18S rRNA (internal reference) were amplified together in the same tube. Each PCR template (50 l) contained equal amounts of cDNA from either the uninfected DMVEC or KSHV-infected DMVEC RNA sample from batch 3 cells. PCR conditions were 95°C for 60 s, followed by 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s for 30 to 35 cycles.
In the third quantitative real-time procedure (see Tables 8 and 9 ), DNA analysis and reverse transcription were carried out using Taqman RT reagents (PE Biosystems, Inc.). cDNA was prepared from all four samples of batch 2 RNA, the two samples from batch 3 RNA, and the three samples for batch 4 RNA using RT with 2.5 M random hexamers at 25°C for 10 min, 37°C for 60 min, and 95°C for 5 min. In each case, minus-RT controls were negative.
Real-time PCRs were carried out in triplicate with both 18S rRNA internal controls and no-template controls using cycle conditions of 2 min at 50°C, 95°C for 10 min, and then 40 to 45 cycles of 15 s at 95°C and 1 min at 60°C in 96-well plates on an ABI Prism 7700 sequence detector. Each 50-l PCR contained 1 l of relevant cDNA, 50 pmol of gene-specific primers, and 25 l of SYBR Green I PCR Master Mix (PE Biosystems, Inc.). PCR product intensity data were normalized relative to 18S RNA and averaged and then analyzed with Sequence Detector System software version 1.7a (PE Applied Biosystems) to calculate fold values for the appropriate parallel sample combinations based on exponentialphase measurements (800-fold dynamic range).
IFA. Indirect immunofluorescence assays (IFA) used uninfected and infected DMVEC cells grown in two-well slides as described above. Slides were fixed in 100% methanol at Ϫ20°C for 10 min and allowed to dry. Slides were stored at Ϫ20°C. Protein products were detected by single-label IFA with rabbit polyclonal antibodies (PAb) to KSHV-encoded proteins, anti-ZMP-A (zinc finger membrane protein A; ORF-K5), anti-K8 (replication-associated protein [RAP]), antivGCR (ORF74), or anti-RTA (RNA transcript activator; ORF50), which were described previously (14, 42) , or mouse monoclonal antibodies (MAb) to LANA1 (ORF73) or ORF-K8.1 (ABI Technologies, Gaithersburg, Md.) and appropriate fluorescein isothiocyanate (FITC)-labeled goat or donkey anti-rabbit or anti-mouse immunoglobulin (Ig) secondary antibodies, then viewed and photographed using a Nikon UV-epifluorescence microscope with ImagePro 4 software. In some experiments, DAPI (4Ј,6Ј-diamidino-2-phenylindole) stain was included in the mounting solution.
Western immunoblots for detection of viral and cellular proteins. Protein extracts were harvested from DMVEC cell cultures by scraping the cells into triple detergent lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% NP-40, and 0.5% sodium deoxycholic acid). Samples were dissolved in 6ϫ SDS loading buffer, boiled for 10 min, and fractionated by SDS-10% polyacrylamide gel electrophoresis (PAGE). Proteins were transferred by electroblotting onto Protran nitrocellulose filters (Schleicher and Schuell, Inc., Keene, N.H.) and blocked for 1 h in Tris-buffered saline (TBS; 20 mM Tris base and 137 mM sodium chloride, pH 7.6) plus 0.3% Tween 20 and 5% dry nonfat milk.
Primary antibody incubations were performed at dilutions of 1:250 in blocking solution overnight at 4°C. The immunoblots were then washed in TBS plus 0.3% Tween 20 for 25 min, and secondary horseradish peroxidase (HRP)-conjugated antibody incubations were carried out in blocking solution for 1 h followed by washing in TBS plus 0.3% Tween 20 for 35 min. Bound secondary HRP-conjugated donkey anti-goat IgG antibodies were detected using the LumiLight kit (Roche, Indianapolis, Ind.). Primary antibodies used included anti-ZMP-A (ORF-K5), rabbit PAb (14) and mouse MAb to either LANA1 (LN53; ABI Technologies, Gaithersburg, Md.) or cellular cytoplasmic ␤-actin, and rabbit PAb to cellular IRF7 (H246; Santa Cruz Antibodies).
Immunohistochemical detection of viral and cellular proteins. Double-label immunohistochemical staining was used to detect the cellular IRF7 protein in infected DMVEC and PEL cells grown in Labtek slide chamber culture dishes. Cells were washed and fixed with 1:1 methanol-acetone. Half of the cultures were treated with TPA for 60 h before fixing. For double labels, the primary rabbit PAb to cellular IRF7 (H246; Santa Cruz Antibodies) was applied first at an 800-fold dilution for 18 h and detected with biotinylated goat anti-rabbit Ig antibody plus streptavidin-alkaline phosphatase-ABC complex and Vector Red chromagen (Vector Labs, Burlingame, Calif.). After washing, the secondary rabbit PAb against KSHV-encoded K8 (RAP) described previously (42) was applied at an 800-fold dilution in blocking solution, incubated for 18 h, and then detected with biotinylated goat anti-rabbit Ig antibody plus streptavidin-peroxidase-ABC conjugate followed by True Blue peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.).
For the control viral anti-K8 and anti-vIL6 PAb combination, the blue and red chromogens were reversed. Alternatively, for detection of mouse MAb against LANA1 as secondary antibody, biotinylated goat anti-mouse Ig was used together with streptavidin-peroxidase-ABC conjugate and diaminobenzidine (DAB) chromogen. Finally, hematoxylin counterstain was applied.
RESULTS
Confirmation of DMVEC infection with KSHV and expression of viral proteins. Two separate batches of RNA were prepared from successive passages of the same culture of KSHV (JSC1)-infected DMVEC cells for examination by both the Clontech and Incyte gene arrays. After the Clontech analysis was completed, the Incyte experiment was intended to provide both a measure of comparison and confirmation and a survey of a much larger sample of human genes. In both gene array experiments, we measured and compared changes in gene expression in the KSHV-infected DMVEC under two (9, 14) exhibited a dramatic change in morphology, with 100% of the cells developing a characteristic spindle shape and realigning into clustered swirls after 2 to 3 weeks compared to the cobblestone shape of the parallel control uninfected DMVEC (Fig. 1 , lower right-hand panel). As shown previously (9, 14) , nearly all of the spindle cells were latently infected with KSHV and expressed the LANA1 protein. A subfraction of the DAPI-stained spindle cells also displayed mitotic figures that were not present in the uninfected DMVEC monolayers (Fig. 2) . In addition, at the time of harvesting in both passages of the cultures used, nearly 8% of infected untreated DMVEC spindle cells constitutively expressed the early KSHV-encoded lytic cycle nuclear proteins ORF-K8 (RAP) and ORF50 (RTA) and 4% expressed the ORF-K5 (ZMP-A) lytic cycle cytoplasmic membrane protein, as detected by IFA (Fig. 1 , upper right-hand panels), but fewer than 1% of the cells showed cytopathic effects or expressed the late ORF-K8.1 (gpK8.1) protein (not shown).
Treatment of the infected DMVEC cultures with TPA for 60 h only increased the total number of infected DMVEC cells expressing K8 and ZMP-A to approximately 12% (Fig. 2 , lower right-hand panel), but this occurred primarily in patches of clustered cells that formed miniplaques in which lytic cycle progression was greatly increased, as judged from cells displaying typical rounding and cytopathic effect (CPE) (Fig. 2 , lower panels) together with increased ORF-K8.1 late lytic protein expression detected by IFA and IHC (14) . The same cells also contained viral DNA replication compartments detectable both by DAPI staining (Fig. 2 , lower left-hand panel) and by IFA for ORF59 (not shown).
Treatment of the control DMVEC culture with TPA also produced some elongation and alignment in the uninfected cobblestone monolayers (Fig. 2 , DAPI panels), but without the dramatic spindle shape and clustering seen in the KSHV-infected cultures. Note that the effect of TPA to enhance progression of the lytic cycle primarily in the same subset of cells that have spontaneously entered the lytic cycle is significantly different than in PEL cell cultures, where in addition the total number of cells switching from latent to lytic cycle gene expression (measured by K8 or vIL6 IFA) can be increased 5-to 10-fold depending on the cell line.
To obtain direct biochemical evidence for lytic cycle gene expression in both the absence and presence of TPA, we carried out standard nonquantitative RT-PCR analysis of the same four RNA samples (batch 1 RNA) used later for the Clontech gene array experiments. Gel electrophoresis analysis of the RT-PCR products for the early lytic cycle KSHV genes ORF-K1 and ORF-K8 and the late lytic cycle gene ORF-K8.1 is shown in Fig. 3A . Each primer pair was chosen to encompass a known intron to assess whether the products represented cDNA derived from spliced mRNA rather than contaminating genomic viral DNA. As expected, infected RNA samples both plus and minus TPA gave spliced RT-PCR products of 364 bp (K1), 327 bp (K8), and 524 bp plus 267 bp (K8.1), whereas there were no products of genomic size (2,007, 407, or 513 bp). After TPA treatment, the relative abundance of the K1 and K8 RT-PCR products was increased (maximum 2.5-fold for K1), and the ratio of the two alternative splice variants of K8.1 changed slightly (47) .
Similarly, Western immunoblot analysis ( Fig. 3B ) of protein extracts from the DMVEC cultures confirmed that high levels of expression of both the KSHV-encoded latent LANA1 (ORF73) and lytic ZMP-A (ORF-K5 or IE-A) proteins occurred in the KSHV-infected spindle cell cultures (lanes 2 and 4). However, no KSHV proteins were detectable either with or without TPA in extracts from the same parallel uninfected DMVEC cultures used to generate control RNA samples for comparison with infected cell RNA samples in both the gene arrays and the later RT-PCR confirmation experiments (lanes 1 and 3). As expected, there was also little quantitative change in the overall levels of these two viral proteins when comparing the infected samples in the presence and absence of TPA (lanes 2 and 4).
DNA microarray experiments. Both pairs of DMVEC RNA samples from batch 1 were used in hybridization experiments with Clontech Atlas 1.2-I and 1.2-II microarrays (combined total of 2,350 human genes represented) using radioactive cDNA probes prepared in our laboratory, whereas both pairs of batch 2 RNA samples were analyzed on Incyte Human UniGEM V2.0 microarrays (9,180 human genes) using fluorescent dye probe techniques carried out at Incyte laboratories.
Both the Clontech and Incyte array density values displayed a typical distribution of data points clustered along a linear midpoint of the scatter plot with no obvious distortions (Fig.  4) . The results are displayed as both a simple log plot and a horizontal plot for each array set. Nomad program analysis revealed that no curvature or asymmetric adjustments were required. For each Clontech graph, data points that were below the background threshold for both the uninfected and infected blots were removed from the analysis, yielding an arrowhead tail for these data sets. Additionally, phosphorimages obtained for each of the Clontech blots were examined visually, and a small number of adjacent data points that were artificially elevated because of spillover from particularly strong neighboring radioactive signals (e.g., positions adjacent to TIMP1 in the infected plus TPA filter) were removed from graphical analysis. Finally, all control elements on the Incyte arrays were removed. Graphical representation of the data in the horizontal format ( Fig. 4A and B, right panels) facilitated calculation and visualization of standard deviation units.
As one measure of the consistency of our Clontech array results, we have listed 37 of the most abundantly expressed genes in the uninfected DMVEC cultures as determined from the direct absorbance intensity values (Table 1 ). For each of these genes, both the background corrected absorbance intensity values and their rank order within each experiment are included, but the data are not global mean normalized, in contrast to the later calculated standard adjusted deviation values (Tables 2 and 3 ). Among these genes are eight that are represented on both the Atlas 1.2-I and 1.2-II arrays, including housekeeping standards glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ␣ 1 -tubulin, 60S basic ribosomal protein 13A, ubiquitin, and ␤-actin. These eight were all measured eight times in our data. Interesting features of the data in Table 1 include first the observations that thymosin ␤4 and thymosin ␤10 appear within the top four most abundantly expressed genes in the Atlas 1.2-I array and that monocyte chemotactic protein 1 (MCP1), bone morphogenetic protein 4 (BMP4), parathymosin, tissue inhibitor of metalloproteinases 1 (TIMP1), calpain small subunit, exodus 2 ␤-chemokine, and Von Willebrandt factor (VWF) all appear on the list. Second, the intensity values for the majority of these genes, whether measured four times or eight times, were highly reproducible. The only significantly regulated genes among these 37 highly abundant species were MCP1, BMP4, amyloid ␣4, TIMP1, VWF, metallothionine H1, and exodus 2. Six of these genes were downregulated by either KSHV infection, TPA treatment, or both, and only TIMP1 was upregulated. Except for GAPDH and ␤-actin in the 1.2-II array, none of the other 30 most abundantly expressed genes varied more than 30% in intensity on any sample or filter after KSHV infection and spindle cell conversion, after TPA treatment, or both ( Table 1) .
The most abundantly expressed individual genes in uninfected DMVEC by the criterion of Clontech array hybridization signal intensity among broad categories of likely interesting genes included those for MCP1, interleukin-10 (IL-10), colony-stimulating factor 1 (CSF-1), placental growth factor, IL-6, and IL-1␤ in that order among all interleukins and growth factors tested and MCP1-R1 among all G-protein-coupled receptors (GPCR) and chemokine receptors tested. All of these, as well as c-Jun, ICAM1, fibroblast growth factor (FGF)-R1, VEGF-R1, and BMSA1 were among the top 8% in relative abundance on the Clontech arrays. VEGF-R1 was expressed much more strongly than VEGF-R2 or -R3, and VEGF-C was more abundant than VEGF-A, -B, or -D. MCM5, MCM7, CycD1, and MMP12 were the most abundant of the 28 minichromosome maintenance, cyclin, and metalloproteinase genes tested.
Changes in gene expression patterns in KSHV-infected DMVEC. Importantly, the total number of genes that were upor downregulated significantly by KSHV infection in both sets of arrays were similar and quite small (mostly between 1.4 and 2.5%), lending credence to the validity of these results. In the Clontech ϪTPA experiment, a total of 2.1% of the genes surveyed (49 of 2,350) were upregulated by greater than a standard deviation value of 2.0, and 1.8% (45 of 2,400) were downregulated by greater than 2.0 standard deviation units. In the Clontech ϩTPA experiments, a total of 2.2% (55 of 2,350) and 1.8% (45 of 2,350) of the genes were up-or downregulated by more than 2.0 standard deviations.
For the Incyte ϪTPA results, overall 1.8% (163 of 9,000) and 1.3% (117 of 9,000) of the genes gave upregulated ratios of Ͼ1.74 or Ն2.0 and 1.7% (150 of 9,000) and 1.2% (110 of 9,000) gave downregulated ratios of Ͻ1.74 or Յ2.0, respectively. For the Incyte ϩTPA data, 4.0% (364 of 9,000), 1.7% (156 of 9,000), and 1.0% (86 of 9,000) of the genes gave upregulated values of Ͼ1.74, Ͼ1.8, and Ն2.0, respectively, with the inconsistent bulge in the TPA upregulated numbers being primarily attributed to more than 200 genes with ratios of 1.8. Downregulated genes in the Incyte ϩTPA data set were 2.1% (195 of 9,000) at Ͻ1.74 and 1.4% (122 of 9,000) at Յ2.0.
The 40 most significantly differentially regulated genes for both sets of experimental conditions are listed in Tables 2  through 5 . Regulated genes observed on the combined Atlas 1.2-I and 1.2-II Clontech arrays comparing untreated KSHVinfected DMVEC (ϪTPA) with uninfected DMVEC (ϪTPA) are listed in Table 2 . Regulated genes observed on the Incyte arrays in the same comparison (in the absence of TPA) are listed in Table 4 . In each case, the 20 most upregulated genes (given positive SD values) and the 20 most downregulated genes (given negative SD values) are listed. Similarly, for the TPA-treated samples, the 40 most differentially regulated genes observed on the Clontech arrays in a comparison of KSHV-infected DMVEC (ϩTPA) with uninfected DMVEC (ϩTPA) are listed in Table 3 , and the most differentially regulated genes observed on the Incyte arrays in the same comparison (in the presence of TPA) are listed in Table 5 . The entire set of gene array results data from both our Clontech and Incyte experiments may be accessed at www .pevsnerlab.kennedykrieger.org/microarraydata/hayward.
Most-regulated genes after infection in the absence of TPA treatment. The most notable result revealed by these studies was a significant upregulation of a large number of interferoninduced genes, especially in the Incyte array data. However, there were also significant changes in the regulation of some genes involved in cell cycle arrest and cell morphology changes, as well as dysregulation of genes thought to be involved in the processes of tumor formation, angiogenesis, and immune regulation. Among the most heavily upregulated genes in infected cells in the absence of TPA were those for neurogranin, calgranulin B (migration inhibitory factor 14), monocyte differentiation protein CD14, fibrinogen-␤, interferon response factor 7 (IRF7), the G protein-coupled receptor RDC1 homolog, the ubiquitin-conjugating enzyme E2 H10, osteopontin, estrogen receptor ␣, and TIMP1 in the Clontech ϪTPA array (Table 2), plus RDC1 again, STAT-induced STAT inhibitor 3 (SISI3), tissue plasminogen activator (PLAT), insulin growth factor binding protein IGFBP5, thrombomodulin, and transforming growth factor beta 3 (TGF␤3) in the Incyte ϪTPA array (Table 4 ). Five interferon-induced genes, including myxovirus resistance RI (p78), also appeared within the top 20 upregulated genes in the Incyte ϪTPA array.
The most heavily downregulated genes in infected cells in the absence of TPA included BMP4, CCR2 ␤-chemokine receptor (MCP1-RA), gap junction protein connexin 37, BMSA1, skeletal muscle LIM-1, p57-KIP2, GADD45␤, endothelin 1, plasminogen activator inhibitor 1 (PAI-1), cyclin D1, a Hybridization intensity scores are given separately for each of the top 20 genes in the four Atlas 1.2-I array filter results obtained using cDNA probes prepared from uninfected and infected cell RNA (batch 1) in the absence and presence of TPA and similarly for each of the four Atlas 1.2-II array filters obtained using the same four-cDNA probe set. Averaged background values ranging from 11,780 to 16,540 on different filters have been subtracted, but the intensity values have not been normalized or mean adjusted. Numbers in bold type indicate significantly regulated values. Additional data for eight genes that are common to both filters are included. R, direct numerical rank order for each of the four uninfected DMVEC RNA filters. U ϭ uninfected; I ϭ infected. bone morphogenetic protein 6 (BMP6), and endothelial multimerin in the Clontech arrays (Table 2) , plus connective tissue growth factor, fibronectin 1, BRCA1-associated RING protein (BARD1), cardiac ankyrin repeat protein, PAI-1, downregulated in ovarian cancer (DROC1), keratin 7, granzyme K, connexin 37, thrombospondin 1, endothelin 1, transforming growth factor alpha (TGF␣), matrix metalloproteinase 2 (MMP2), ␣ 4 -integrin (CD49D), and both BMP4 and BMSA1 again in the Incyte array data ( Table 4) .
Examples of the direct hybridization radiographic images for several dramatically upregulated genes (neurogranin, RDC1, calgranulin B, and fibrinogen-␤) or heavily downregulated genes (BMP4, MCP1-R1, and BMSA1) in the Clontech array in the absence of TPA are shown in Fig. 5 .
Most-regulated genes after infection in the presence of TPA. Any additional changes observed after infection in the presence of TPA were anticipated to be related to the increased levels and more advanced stages of lytic virus infection, not to the TPA treatment itself, because the control uninfected cells were also TPA treated. Among the 20 most heavily upregulated genes in infected cells in the presence of TPA were the RDC1 orphan chemokine receptor, metallothionein H1, exo- a Genes are listed in rank order 1 through 20, together with several others selected from among the top 50 genes. Hybridization intensity scores are background corrected but not normalized or mean adjusted. R, Clontech numerical rank order for KSHV-regulated genes, comparing each infected RNA to its matching uninfected RNA sample (batch 1). C-SD, Clontech values for standard deviation from the mean (ϩ for upregulated, Ϫ for downregulated). I-R, Incyte ratio values, with ϩ for upregulated and Ϫ for downregulated; see Tables 4 and 5 (Table 3) , and statherin, IGFBP5, and STAT1 plus 10 interferon response genes, including myxovirus resistance I p78 (Myx R1) and 2Ј-5Ј-oligoadenylate synthetase 2 in the Incyte ϩTPA array (Table 5) . Overall, a total of 16 interferon-inducible genes placed within the top 42 ranked upregulated positions in the Incyte ϩTPA array data (compared to 8 of 56 in the absence of TPA). The 20 most heavily downregulated genes in infected cells in the presence of TPA included nucleobindin, CXCR4, IL-8, GRK4, thrombin receptor, Thy1, and c-Maf in the Clontech arrays (Table 3) , and fibronectin 1, connective tissue growth factor, BARD1, matrix Gl␣ protein, stromal cell-derived factor 1, CD34, cardiac ankyrin repeat protein, MMP2, endothelin 1, ␣ 4 -integrin, PAI-1, VEGF-related placental growth factor, thrombin receptor, thrombospondin 1, and ␤ 1 -catenin in the Incyte array (Table 5) .
Several other interesting genes appeared among the next group (rank order 21 to 40 in each) of the most up-and downregulated genes in the Incyte arrays (with the I-R values and rank order positions given in parentheses). In the absence of TPA, these included IL-13 (ϩ4.4, up 21), angiopoietin 2 (ϩ4.1, up 27), hypoxia-inducing factor alpha (ϩ3.5 and ϩ3.1, up 31 and up 38), SISI2 (ϩ3.0, up 40), plasminogen activator urokinase (Ϫ3.9, down 25), stromal cell-derived factor 1 (Ϫ3.9, Again as a measure of reproducibility, the values obtained for several regulated genes that were duplicated, included GADD45 (Ϫ3.6, Ϫ2.5), IRF7 (ϩ4.2, ϩ2.2), and neurogranin (ϩ6.5, ϩ5.4) for the Clontech ϪTPA array; IRF7 (ϩ3.2, ϩ2.5) and Bcl3 (ϩ2.1, ϩ1.7) for the Clontech ϩTPA array; RDC1 (Ϫ8.5, Ϫ4.5), SISI3 (Ϫ7.4, Ϫ2.9), IGFBP5 (Ϫ5.2, Ϫ4.3), HIF1␣ (Ϫ3.5, Ϫ3.1), DROC1 (ϩ7.1, ϩ3.4), and keratin 7 (ϩ6.7, ϩ4.1) for the Incyte ϪTPA array; and interferon-induced tetratricopeptide (Ϫ24.8, Ϫ8.2), Rho␤ (Ϫ4.9, Ϫ3.4), interferon-induced p75 (Ϫ3.5, Ϫ2.4), RDC1 (Ϫ2.8, Ϫ2.6), apoliprotein D (ϩ4.9, ϩ2.5), keratin 7 (ϩ2.4, ϩ1.7), and MMP2 (ϩ2.1, ϩ2.0) for the Incyte ϩTPA array. a Genes are listed in rank order 1 through 20, together with several others selected from among the top 50 genes. R, Incyte numerical rank order for KSHV-regulated genes, comparing each infected RNA to its matching uninfected RNA sample (batch 2). I-R, Incyte ratio values (ϩ for upregulated, Ϫ for downregulated). C-SD, Clontech standard deviation values. ϩ, also found within the top 40 genes regulated in the same direction (up or down) on the ϩTPA Incyte array. $, also represented on the Clontech ϪTPA or ϩTPA array (Tables 2 and 3) . &, regulated to a statistically significant level in the same direction on the appropriate Clontech ϪTPA or ϩTPA array (Tables 2 and 3) . ϩTPA version standard deviations are in parentheses.
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Additional effects of TPA treatment on KSHV-infected DMVEC. As hypothesized, a large number of cellular genes were regulated similarly by infection in both the ϪTPA and ϩTPA experiments. In the Clontech arrays (Tables 2 and 3), 7 of the top 20 genes (35%) that were upregulated after infection in the absence of TPA were also within the top 30 upregulated genes after infection in the presence of TPA, although only one of the downregulated genes appeared within both the ϪTPA and ϩTPA top 25. In the Incyte array (Tables 4 and 5) , 9 of the top 20 genes (45%) that were upregulated by infection in the ϪTPA experiment were also upregulated in the top 40 of the infected ϩTPA experiment, and 12 of the top 20 genes (60%) and 14 of the top 40 that were downregulated in the infected ϪTPA experiment were also downregulated in the top 25 of the infected ϩTPA experiment.
Examination of the effects of TPA on DMVEC in the absence of infection. To evaluate whether it was valid to consider the effects of TPA to be cancelled out in the infected ϩTPA versus uninfected ϩTPA comparisons above, we also compared the Clontech single-channel gene array data for the pair of filters representing uninfected DMVEC in the absence and presence of TPA and for the pair representing KSHV-infected DMVEC in the absence and presence of TPA. Again, in the uninfected cells, 2.0% of the combined Atlas 2. Table 6 , which shows the results (as intensity values, SD ratios, and rank) for both the 20 most upregulated genes and the 20 most downregulated genes in uninfected DMVEC after addition of TPA, together with some selected results from the comparison of TPA-treated versus untreated infected cells. Strikingly, a subset of the Clontech genes that were regulated by TPA alone were the same as those that were regulated in the KSHV-infected DMVEC in the absence of TPA, although there were also many genes regulated by KSHV infection that were not significantly affected by TPA. These dualregulated genes displayed at least three distinctive patterns. (Note that because it involves direct two-channel comparison of differentially labeled pairs of RNA samples, this type of analysis cannot be carried out with the Incyte data.)
In the first group, both TPA and KSHV infection independently produced similar downregulation results for BMP4 (Ϫ5.6 versus Ϫ7.1, respectively), MCP1-RA (CCR2) (Ϫ5.0 versus Ϫ6.4), connexin 37 (Ϫ4.6 versus Ϫ5.6), BMSA1 (Ϫ3.8 versus Ϫ4.8), skeletal muscle LIM-1 (Ϫ3.6 versus Ϫ4.4), endothelial multimerin (Ϫ4.0 versus Ϫ3.1), MCP1 (Ϫ3.9 versus Ϫ2.0), endothelial PAI-1 (Ϫ3.2 versus Ϫ3.5), and BMP6 (Ϫ2.3 versus Ϫ2.9). In contrast, neurogranin (ϩ2.0 versus ϩ6.5), TIMP1 (ϩ2.8 versus ϩ3.0), and IL-8 (ϩ5.4 versus ϩ2.1) were all upregulated independently by both TPA treatment and KSHV infection.
In the second pattern, metallothionine H1 (Ϫ6.3 versus ϩ7.6), exodus 2 (Ϫ6.9 versus ϩ6.3), RAD23A (Ϫ4.6 versus ϩ5.4), RAMP2 (Ϫ4.0 versus ϩ3.2), and VWF (Ϫ3.3 versus ϩ3.1) were all downregulated by TPA alone to about the same level that they were measured to be upregulated by infection in the presence of TPA. For this category the most predominant feature was the low intensity obtained in uninfected cells in the presence of TPA, implying either that latent infection blocked the TPA-induced downregulation or that lytically induced infection compensated for it. Endothelial PAI1 seemed to produce a combination of both the first and second patterns.
In the third distinctive pattern, upregulation by TPA appeared to be compensated for by downregulation after infection in the presence of TPA, e.g., CXCR4 (ϩ7.7 versus Ϫ4.9), thymosin 1 (ϩ5.6 versus Ϫ2.9), IL-8 (ϩ5.4 versus Ϫ4.6), and a Comparison of hybridization intensity scores (combined Atlas 1.2-I and 1.2-II) after background subtraction for RNA batch 1 DMVEC genes regulated by TPA both before and after KSHV infection. Bold numbers indicate significantly regulated values in comparison to the uninfected untreated control. Genes regulated by TPA in the absence of infection are given in rank order 1 through 20, together with selected others in the presence of infection. C-SD ratios and rank orders for regulated genes generated after pairwise comparisons are shown on the right. U, uninfected; ϩT, with TPA; I, infected. NR, not regulated. GRK4 (ϩ3.5 versus Ϫ4.0). In the case of neurobindin, only the combination of infection and TPA gave downregulation.
Clontech genes that were heavily regulated by KSHV infection but were apparently not subject to TPA regulation included RCD1, calgranulin B, IRF7, neurogranin, fibrinogen-␤, CD14, osteopontin, and BMSA1.
Confirmation of regulated transcripts by RT-PCR. Although the gene array survey data indicated statistically signifcant regulation of many genes likely to be associated with antiviral responses, angiogenesis, transformation, cell cycle regulation, immune regulation, apoptosis, and extracellular matrix or cytoskeletal integrity, these effects needed to be confirmed by additional independent assays. Initially, 19 of the most highly regulated genes were selected from the Clontech results for further analysis by direct semiquantitative RT-PCR from the same RNA samples (batch 1) used for the Clontech array experiment.
For each experiment, three test primer pairs were run together, and cytoplasmic ␤-actin, which was not significantly regulated in either the Clontech or Incyte array experiments, was used as the control for comparison and normalization purposes. Successive samples (1, 2, 3, etc.) were removed from the RT-PCR mixture every three cycles and electrophoresed on an agarose gel, and then stained with ethidium bromide. For all gene primer sets, integrated density values (IDV), corresponding to the sum of pixel intensities after background corrections, were recorded for both the uninfected and infected samples at linear points on the amplification curve. For each of the 10 ␤-actin control sets, the sample numbers for the IDV point representing the beginning of the linear portions of the curves for the infected and uninfected RNAs always corresponded closely, indicating that both exhibited linear amplification of ␤-actin in the same portion of their curves (see Fig.  6A ).
To compare amplification of test transcripts against the ␤-actin controls, the sample number of the RNA PCR product (uninfected or infected) that first entered the linear portion of its amplification curve was used for comparison with the other uninfected or infected RNA PCR product. For example, in Fig. 6A , the BMP4 RT-PCR product from the uninfected RNA was readily visible by sample 4 compared to the RT-PCR product from the infected RNA sample, which was only visible by sample 6. Therefore, the uninfected RNA underwent linear amplification of BMP4 six PCR cycles earlier than did the parallel infected RNA. Finally, the IDV scores for sample 4 from both the infected and uninfected RNAs were compared. This type of comparison was carried out for each of the 19 genes tested, and the results are presented as histograms in Fig. 6B . Only one set of primers (MCP1-RA) failed to give PCR products.
For most of the genes tested (9 of 11 in the absence of TPA and 10 of 13 in the presence of TPA), this initial confirmation by RT-PCR did indeed exhibit matching up-or downregulation in parallel with the results obtained from the Clontech gene arrays (Table 7) . However, four genes were either not regulated or discordantly regulated according to the RT-PCR analysis. These included ␤ 1 -catenin and Ras-related TC21 in the absence of TPA and RAD23A and GRK4 in the presence of TPA. Furthermore, ␤ 1 -catenin was upregulated (ϩ3.3) by infection but only in the presence of TPA in the RT-PCR analysis, whereas it was recorded as being downregulated (Ϫ3.8) only in the absence of TPA in the Clontech array and downregulated (Ϫ4.1) only in the presence of TPA in the Incyte array data. A downregulation value of only Ϫ1.7 for CXCR4 (in the presence of TPA) was also far less than expected from the Clontech array data (Ϫ4.1), although the Incyte result also indicated an insignificant effect (Ϫ1.2).
Consistency of RNA preparations. In a second RT-PCR approach to evaluation and confirmation of the array data, we carried out single time point multiplex PCR on cDNA generated from a new preparation (batch 3) of infected and uninfected DMVEC RNA samples from cells grown nearly a year after the previous two batches. In this case, six selected primer pairs, including four from the Incyte gene set, were generated for direct detection of PCR products by ethidium bromide staining in gels. Within each sample, we also included internal control primers for either 18S rRNA or ␤-actin.
Gel electrophoresis images of the RT-PCR products obtained with uninfected and infected cell RNA (all in the absence of TPA) are shown in Fig. 7 . Quantitatively, IRF7 gave 8-fold upregulation compared to ϩ4.2 and ϩ3.2 (Clontech) or ϩ1.4 (Incyte), and TIMP1 gave 3.7-fold upregulation compared to ϩ3.2 (Clontech) in the array results. Similarly, BMP4 gave 23-fold downregulation compared to Ϫ7.1 (Clontech) and Ϫ4.7 (Incyte), and PAI-1 gave 3.7-fold downregulation compared to Ϫ11.7 (Incyte), but PLAT gave only 1.2-fold upregulation compared to ϩ5.8 (Incyte), and ␤ 1 -catenin (not shown) continued to be variable, giving 1.9-fold downregulation here compared to Ϫ3.8 (Clontech), Ϫ4.1(Incyte ϩTPA), and ϩ3.3 by RT-PCR in batch 1 RNA. However, overall, except for PLAT and the somewhat weaker or inconsistent effects for PAI-1 and ␤ 1 -catenin, these data closely resembled the gene array trends obtained with the previous KSHV-infected DMVEC RNA samples.
Real-time quantitative RT-PCR. In a third and more quantitative approach to confirming some of the principal results of the gene arrays by RT-PCR procedures, we designed and synthesized a new set of 20 selected gene-specific primer pairs (based primarily on the Incyte data), which all generated PCR products in the size range of 80 to 140 bp, appropriate for quantitative real-time PCR. All of these primers were used initially with the same set of uninfected DMVEC and fully spindle-shaped infected DMVEC cDNAs (batch 3) used above in the multiplex experiments. However, to further examine the biological reproducibility, a fourth batch of RNA samples were prepared from new cultures of uninfected DMVEC, fully spindle-shaped infected DMVEC, and the same spindle cells after 60 h of TPA treatment. Note that the infected ϩTPA to uninfected untreated comparison (IϩT/U) in this case (batch 4) differs from that in the gene arrays (IϩT/ UϩT) because the control sample represents untreated uninfected DMVEC RNA, not TPA-treated uninfected DMVEC RNA.
The results for 15 of the 19 genes tested (presented in Table  8 ) were highly supportive of the Incyte gene array screening data. Only four of these genes gave inconsistent results compared to the gene array data, with IL-8 being strongly downregulated even in the absence of TPA in batch 3 and 4 RNAs by real-time RT-PCR, and metallothionine HI was apparently upregulated even the absence of TPA, whereas neither HIF1␣ nor PLAT was significantly regulated in batch 3 or 4 RNAs when assayed by this procedure. Some quantitative but not qualitative discordance or variation also occurred between the real-time PCR fold values and the Incyte array ratios for BMP4 (Ϫ145 compared to Ϫ7.1), fibronectin 1 (Ϫ40.3 compared to Ϫ12.6), MMP2 (Ϫ87 compared to Ϫ5.1), PAI-1 (Ϫ55.7 compared to Ϫ11.7), Myx R1 (ϩ85 compared to ϩ7.7), and especially ␣ 4 -integrin (Ϫ455 compared to Ϫ4.8). In general, the fold regulated values produced by real-time PCR were much higher than either the Clontech standard deviation or Incyte ratio standard deviation values.
Importantly, the results for Myx R1 (ϩ85 versus ϩ107), angiopoietin 2 (ϩ6.2 versus ϩ3.2), IL-8 (Ϫ100 versus Ϫ8.9), and ␣ 4 -integrin (Ϫ455 versus Ϫ790) using batch 4 RNA in the absence of TPA were fully consistent with the results for batch 3 RNA and with the Incyte gene arrays ( Table 8 ). The RT-PCR results for batch 4 RNA in the presence of TPA were also highly consistent with the other two infected RNA samples ( Table 8) .
As a final assessment to compare the different RNA preparations and to link the RT-PCR results to the gene array data, we carried out real-time PCR for 17 of the identified most highly regulated genes using the same four RNA samples (batch 2 RNA) that were used for the original Incyte array experiments ( Table 9 ). The results revealed overall very high consistency between the three different RNA preparations and between the different RT-PCR assays, as well as more resemblance between RT-PCR results for infected DMVEC plus and minus TPA than either within the gene array data or between the two sets of gene array data.
Once again in KSHV-infected cells, Myx R1, exodus 2, RDC1, TIMP1, and SISI3 were highly upregulated, and IRF7 and angiopoietin 2 were weakly upregulated, but in contrast to the previous results, in this case CD14 and metallothionine H1 were unaffected by infection in either the absence or presence of TPA. Similar to the previous assays, BMP4 and ␣ 4 -integrin were heavily downregulated (145-to 325-fold), and connective tissue growth factor, fibronectin, IL-8, PAI-1, and MMP2 were moderately downregulated (15-to 50-fold).
BMP4, connective tissue growth factor, IL-8 and fibronectin were also all downregulated to similar levels as in infected cells by TPA treatment alone, whereas ␣ 4 -integrin, MMP2, PAI-1, and TGF␤3 were all essentially unaffected by TPA treatment in uninfected cells. Furthermore, Myx R1 was further upregulated by TPA in infected cells, but the effects of TPA on angiopoietin 2, BMP4, connective tissue growth factor, exodus 2, IL-8, PAI-1, RDC1, SISI3, TGF␤3, and TIMP1 in infected cells were heavily reduced, abolished, or even reversed in TPAtreated infected cells.
Surprisingly, while confirming most of the gene array data, the real-time RT-PCR results nevertheless indicated that the ϩ7.6 and ϩ4.9 values for metallothionine H1 and CD14 in infected compared to uninfected RNA in the Clontech gene array with batch 1 RNA (and matching upregulation by RT-PCR in batch 3 and 4 RNA) were not reproducible in the Incyte batch 2 RNA preparation or in the Incyte array data for CD14. The real-time RT-PCR results for IL-8 (Ϫ50 and Ϫ35) also resolved the previously inconsistent array data, where only the Clontech ϩTPA value of Ϫ4.6 appears to be accurate, compared to the Clontech ϩTPA value of ϩ2.1 and the not significantly regulated results for both of the Incyte surveys. Similarly, the real-time RT-PCR results for connective tissue growth factor with batch 2 RNA are far more consistent with the Incyte array result than with the Clontech array results.
Overall, a total of 14 cellular genes were confirmed to be consistently upregulated in KSHV-infected DMVEC by either direct semiquantitative RT-PCR or real-time RT-PCR or both, including angiopoietin 2, exodus 2, calgranulin B, CD14, IRF7, Myx R1, neurogranin, RDC1, SISI3, TGF-␤3, TIMP1, and thrombomodulin in the absence of TPA, and also nucleobindin and VWF in the presence of TPA. Similarly, 13 genes overall were confirmed to be downregulated by infection, including BMP4, connective tissue growth factor, CD34, connexin 37, endothelin 1, fibronectin 1, ␣ 4 -integrin, IL-8, MMP2, p57-KIP2, PAI-1, and thrombospondin 1 in the absence of TPA, and also CXCR4 weakly in the presence of TPA. In contrast, seven genes tested, including DCR3, GRK4, HIF1␣, PLAT, RAD23, STAT1, and TC21, were not confirmed to be regulated, and the results for ␤ 1 -catenin, CD14, and metallothionine H1 were inconsistent between different RNA preparations.
Evaluation of cellular IRF7 protein expression in infected DMVEC and PEL cells. To begin to address whether the observed RNA-level regulation is also manifested at the protein level, we performed a Western immunoblot analysis of the cellular IRF7 protein as a representative of the many interferon response genes that were upregulated. The results showed that the moderate upregulation of the IRF7 transcript seen in both types of arrays and in the RT-PCR experiments correlated with a large increase in IRF7 protein levels in infected cells in both the presence and absence of TPA, compared to almost undetectable levels in uninfected cells (Fig. 8) . Importantly, there was also no detectable IRF7 protein in the TPA-treated uninfected DMVEC cell extract, which correlates with the absence of increased IRF7 RNA after TPA treatment alone in both the RT-PCR and gene array data.
To ask whether the IRF7 activation occurred in all latently infected cells or just in the subpopulation of cells that had entered the lytic cycle, we also carried out IHC analysis of both infected DMVEC and PEL cell cultures in the presence and absence of TPA. Somewhat surprisingly, in single-label experiments, IRF7 protein proved to be strongly expressed in the cytoplasm but in just a small fraction of the cells (not shown). Furthermore, subsequent double-label IHC experiments revealed that high levels of IRF7 protein were detectable in the cytoplasm of only the same few cells that also expressed the early nuclear lytic cycle protein K8. This is illustrated for the BCBL1 PEL cell line in doublelabel IHC in Fig. 9 . In the absence of TPA, both the K8 (red nuclear) and IRF7 (blue cytoplasmic) proteins were detected together in approximately 1% of the cells (top left-hand panel). At 48 h after TPA treatment, the fraction of both K8-and IRF7-positive cells increased to nearly 10% (top right-hand panel), and again, the majority of those cells showed coexpression of both proteins. Parallel control IHC staining revealed that both the K8 (blue nuclear) and virus-encoded vIL6 (red cytoplasmic) proteins were also being expressed together in 10% of the cells after TPA treatment (lower right-hand panel), but that vIRF7 protein expression (red cytoplasmic) occurred in many fewer and usually different cells than those that expressed the latent-state LANA1 protein (brown nuclei, lower left-hand panel).
DISCUSSION
KSHV has been found to be associated with all forms and stages of KS, as well as BCBL and MCD. Characteristic KS pathology includes angiogenesis and immune dysregulation, and in late stages, invasive potential. We have been interested in characterizing changes that occur in cellular gene expression profiles upon infection with KSHV. Previously, these studies have been limited to the use of KS biopsy specimens and latently infected PEL cell lines derived from AIDS patients. However, these systems have proven to be suboptimal because of the lack of matched, noninfected cells and the frequent additional presence of EBV in PEL cell lines. Therefore, the recent development of an effective method for de novo KSHV infection of human DMVEC promises to greatly facilitate characterization of changes in gene expression upon KSHV infection (9, 14, 28) .
There are several important considerations for the study of KSHV infection of DMVEC. First, evidence suggests that KS spindle cells may be derived from vascular or lymphatic endothelial cells; hence, the changes in endothelial cell gene expression may relate directly to the pathology of KS lesions. Second, the changes in morphology observed upon KSHV infection of VOL. 76, 2002 GENE EXPRESSION IN KSHV-INFECTED DMVEC 3413 DMVEC are consistent with the cellular morphology of KS spindle cell biopsy samples. Finally, the demonstration of expression of known latent KSHV gene products in spindleshaped, infected DMVEC and the expression of known lytic KSHV gene products in rounded-up infected DMVEC found in plaques indicates that both latent and productive lytic infection processes occur in this cell type (14, 29) . DNA microarray experiment results are extraordinarily sensitive to a number of factors that may influence mRNA expression and stability, including the age and passage number of cells. Control cells in all experiments were grown from the same initial stock of DMVEC cells as the cells that were used for infection. Additionally, control and infected cells were passaged in parallel to ensure matching passage number and age of culture at the time of harvest.
To explore the validity of performing array experiments to characterize gene expression in a cell culture system, as well as to screen a much larger set of human genes, the experiments were performed using two different types of arrays, radioactive, user-hybridized, single-channel Clontech arrays (2,350 genes) and nonradioactive, company-hybridized, two-channel Incyte arrays (9,180 genes). Polyadenylated RNA used for these experiments was derived from two independent sets of RNA preparations from cultured infected and uninfected DMVEC cultures, each in the presence and absence of TPA, and the subsequent RT-PCR confirmation experiments used a total of four independent DMVEC RNA batches.
Our initial screen of the Clontech and Incyte arrays yielded a number of regulated genes consistent with both the natural history of KS and the current hypotheses regarding function of KSHV genes. Overall, significant changes occurred in the expression of between 1.4 and 2.5% of the genes screened, including many genes likely to be involved in cytoskeletal arrangement, interferon regulation, apoptosis, angiogenesis, and immune regulation. A number of the most highly regulated of these genes were then examined by both standard and realtime RT-PCR in multiple RNA preparations to confirm their status.
There was a reasonable correlation between the most highly regulated genes on the Clontech arrays and the most highly BMS1, IGFBP10, BMP6, and thrombin receptor. However, a robust correlation of this type was confounded by the numerous genes that were represented on only one of the arrays, as well as by distortions attributed to the large number of upregulated interferon response genes in the Incyte array (which were largely absent from the Clontech array). Nevertheless, the success of our RT-PCR confirmation results suggests that both our model cell culture system for KSHV infection and the arrays themselves produced repeat- able results for 27 of the 37 genes examined carefully. The other 10 appear to represent a combination of either errors or misidentification in the gene array data or as yet inconsistent or indeterminate data. This level of nearly 75% reproducibility by RT-PCR analysis appeared to be similar for both the Clontech and Incyte survey data. Obviously, at least one layer of RNAlevel confirmation is necessary beyond array screening to confirm DNA microarray results. Extensive RT-PCR analysis of four different RNA batches by a variety of approaches revealed substantial inconsistency between them for only two genes (CD14 and metallothionine H1), implying that biological variation was only likely to explain a small subset of the cases in which the two arrays and/or the RT-PCR results did not correlate. We had expected that at least some of the genes that responded differently to infection in the presence of TPA compared to in its absence might represent the effects of increased KSHV lytic cycle expression, because the design of the gene array experiments (i.e., comparison of infected cells plus TPA with parallel uninfected cells plus TPA) was intended to eliminate any direct effects of TPA. However, the flexibility provided in the single-channel Clontech data of also being able to compare uninfected cells in the presence and absence of TPA as well as infected cells in the presence and absence of TPA revealed that the situation was more complicated. In particular, a significant subset of the genes that responded to KSHV infection also responded similarly and independently to TPA treatment alone (e.g., BMP4, BMSA1, connexin 37, CXCR4, MCP-R1, multimerin, Myx R1, PAI-1, and TIMP1. Furthermore, some cellular genes responded very differently to TPA in the presence of a KSHV latent state than in the absence of the virus, and in some cases the response to both KSHV infection and TPA treatment was additive, while in others the two effects appeared to be cancelled out when in combination. In addition, because of the low levels (10%) of spontaneous lytic gene expression in the DMVEC cultures even before TPA treatment, it is probable that at least some upregulated genes, but presumably not any of the downregulated genes, in the uninduced latently infected cells may actually represent cellular genes that are activated only in the lytic cycle (e.g., IRF7).
Interestingly, one of the confirmed upregulated genes in both the Clontech array and most of the RT-PCR analysis in the absence of TPA was CD14, which agrees with a previous report that KS cells coexpress both endothelial cell and macrophage antigens, including CD14 (41) . In contrast, CD34 was downregulated in the absence of TPA in both the Incyte array and the RT-PCR data. Similarly, VWF mRNA expression was recorded as modestly downregulated by both Clontech gene array and RT-PCR. VWF-positive cytoplasmic Weible-Palade bodies are a prominent endothelial cell-specific feature of the uninfected DMVEC, and we have already reported that the level of VWF protein as detected by IFA is greatly reduced in KSHV-infected DMVEC (14) . Some other typical endothelial markers such as E-selectin, E-cadherin, and VE-cadherin did not show significant regulation at the RNA level.
The interferon-regulated genes were a major group of upregulated genes in our experiments. Among the top 20 genes in the Incyte array were four (STAT1, IFI 6-16, Myx R1 [MxA] p78, and IFI 9-27) that were also found to be significantly upregulated by Renne et al. in their array analysis of LANA1-expressing B-cell lines (34) . In fact, 28 of 29 interferon-inducible genes represented in the Incyte array were significantly upregulated in KSHV-infected cells. Myx R1 proved to be one of the most highly upregulated genes that we encountered, giving real-time RT-PCR values ranging between ϩ17 and ϩ107.
Both our Clontech and Incyte gene array results indicated a significant increase in the amount of IRF7 mRNA, possibly consistent with cellular upregulation of the gene to compensate for interference by the viral IRF3 (or vice versa). All of the RT-PCR results also confirmed a modest upregulation of IRF7 in infected but not in TPA-treated cells, and our Western blot analysis confirmed a massive increase in cellular IRF7 protein expression upon KSHV infection of DMVEC. Finally, the IHC photographs indicated that highly upregulated levels of cytoplasmic IRF7 protein occurred in all KSHV-infected DMVEC and PEL cells undergoing early lytic cycle induction, as judged from coexpression of cytoplasmic cellular IRF7 and nuclear virus-encoded ORF-K8. However, the IRF7 protein was not detectable by IHC in the majority of latently infected LANA1-positive cells. Additionally, our array results confirmed a lack of significant upregulation of IFN-␣, IFN-␤, or IFN-␥ or their receptors in either untreated or TPA-treated infected compared to uninfected DMVEC mRNA samples.
Differential gene display and gene array evidence from lytic cycle human cytomegalovirus (HCMV)-infected fibroblasts also indicates that numerous interferon responses are upregulated by HCMV, although some are directly related to virion 
